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We report large-scale atomistic simulation of midrange nanoscale hydrophobic interaction, man-
ifested by the nucleation of nanobubble between nanometer-sized hydrophobes at constrained equilib-
rium. When the length scale of the hydrophobes is greater than 2 nm, the nanobubble formation shows
hysteresis behavior resembling the first-order transition. Calculation of the potential of mean force
versus interhydrophobe distance provides a quantitative measure of the strength of the nanoscale
hydrophobic interaction.
DOI: 10.1103/PhysRevLett.93.185701 PACS numbers: 64.60.Qb, 64.60.My, 68.03.–g, 82.60.Nh
Hydrophobic interaction has long been thought of as
one of the major forces in stabilizing protein assemblies
[1–12]. One of the key characterizations of protein ther-
mal stability is the protein melting temperature Tm, by
which the thermal stability of protein has been measured
[13,14], and where the (mesoscopic) protein unfolding
reaction bears some resemblance to the macroscopic
first-order transition. The classical theory of molecular
hydrophobicity [1] assumed that an increased ordering of
water occurs around hydrophobic molecular groups,
namely, the hydrophobic attraction is mainly driven by
the gain in entropy [12]. However, the molecular hydro-
phobic attraction (e.g., between a pair of methane mole-
cules in water) has been proven short ranged 4–8 A
with the barrier to dissociate comparable to the thermal
energy [4,15,16] and is thus unlikely responsible for the
thermal stability of protein assemblies [17].
There is also considerable interest in the physics of
long-range hydrophobic interaction which has been sug-
gested due to the formation of submicroscopic bubbles on
hydrophobic surfaces [1,18–22]. However, a typical range
of this interaction is on the order of 10–100 nm or longer,
which is greater than the length scale of small proteins.
Recently, Lum, Chandler, and Weeks [9] have developed
a theory of hydrophobicity and predicted midrange nano-
scopic hydrophobic interaction induced by dewetting
(drying) of water near a nanoscale hydrophobe. Berne
and co-workers [23,24] have demonstrated the formation
of nanobubble (drying) between two model oblate ellip-
solids (as large as 1.3 nm in diameter) via molecular
dynamics (MD) simulations. To gain more insight into
the midrange nanoscale hydrophobic interaction, we have
performed large-scale MD simulations to show that the
midrange hydrophobic interaction, manifested by the
nucleation of nanobubble between nanometer-sized hy-
drophobes at constrained equilibrium, is about twice the
range of typical molecular hydrophobic interaction (e.g.,
between methane-methane molecules in water [15,16]).
Particular attention is placed to the dependence of the
interaction on the size of hydrophobes as well as the
potential of mean force versus distance curve. When the
length scale of the hydrophobes is greater than 2 nm, the
nanobubble nucleation (in between the hydrophobes)
shows hysteresis behavior, resembling typical macro-
scopic first-order transition.
Two series of MD simulations aiming at two different
aspects of nanoscale hydrophobic interaction were car-
ried out. In the first-series, we performed a constant-
temperature and constant-volume MD simulation of
nanobubble formation between two hybrid polar/nonpolar
nanoassemblies which were held fixed (constrained equi-
librium) within a water slab. The water slab is at phase
coexistence with the vapor at TR  298 K [Fig. 1(a)]. The
Nose´-Hoover’s method was used to control the tempera-
ture. The selection of the vapor-liquid coexistence system
is to maintain the ambient condition. The popular SPC/E
(extended single point charge) model of water [25] was
adopted. Each nanoassembly is composed of 4 nm-sized
hydrophobes and a hydrophilic substrate. The OPLS (op-
timized potentials for liquid simulation) protein model of
the CH3 unit [26] was adopted for the nonpolar sites,
whereas the polar sites of the hydrophilic substrate were
the SPC/E water molecules with fixed center of mass. The
long-range charge-charge interaction was computed us-
ing the Ewald method.
A special-purpose MD machine, currently the fastest
in the world (with peak speed>70 Tflops), was employed
for the large-scale MD simulation [27]. Initially, 50 ps
was used to equilibrate the vapor-liquid system for which
all monomer sites on the nanoassemblies were set to be
polar. Note that here a MD time step is 1 fs. At 50 ps, the
nanoassemblies were switched instantly to the hybrid
nonpolar/polar ones. Another 500 ps was then used to
let the system achieve constraint equilibrium. During the
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MD simulation, the distance between the two nanoassem-
blies Dwas fixed.When D  7:1 A, which corresponds to
the length scale of one water-layer, four nanobubbles (or
cavities) nucleate and grow spontaneously in between the
four pairs of hydrophobes [the left snapshot in Fig. 1(b)].
When D  10:2 A, which corresponds to the length scale
of two water layers, the spontaneous nanobubble forma-
tion [the middle snapshot in Fig. 1(b)] occurred only in
between the larger hydrophobes (5 5 and 6 6). This
result clearly demonstrates that the extent to which the
hydrophobes interact depends sensitively on the size of
the hydrophobes. AsDwas further enlarged to 13:4 A the
spontaneous nanobubble formation was never observed, at
least within the time (500 ps) of the MD simulation.
However, when we used a different initial water configu-
ration in the case of D  13:4 A, that is to let a cavity
preexist in between the two nanoassemblies, we found
that the cavity region between the smaller hydrophobes
(3 3 and 4 4) was filled up with water in less than
100 ps, whereas the cavity (nanobubble) was sustained in
between the two larger hydrophobes (5 5 and 6 6)
during ensuing 500 ps MD run [the right snapshot in
Fig. 1(b)]. An additional 500 ps MD run was also per-
formed and it was found that the two nanobubbles were
still stable. This dependence of the state of nanobubble on
the initial configuration of system indicates that the for-
mation of the nanobubbles bears some resemblance to the
first-order capillary evaporation [24,28–30]. As such, the
nanoscopic ‘‘phase’’ change can be initiated by a nuclea-
tion process, and the growth of the ‘‘nanobubble phase’’
occurs only after the fluctuation achieves a critical size.
Here, the mesoscopic nucleation is heterogeneous due to
the weakly dewetting of the proximal water to the hydro-
phobes [9,24]. Unlike the homogeneous bubble nuclea-
tion, here the nanobubbles cannot grow indefinitely but
are limited by the size of hydrophobes. The larger the
hydrophobes, the greater the stabilized nanobubbles.
Finally, when the distance D is enlarged beyond the
length scale of four water layers 16:0 A, stable nano-
bubbles cannot be observed. This implies that the hydro-
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FIG. 1 (color). (a) The simulation cell contains a slab of SPC/E water (coexisting with the vapor at TR  298 K) and two identical
hybrid polar/nonpolar nanoassemblies, each containing four nanoscale hydrophobes. The nanoassembly has totally 13 13  169
monomer sites, among them 83 polar sites were SPC/E water molecules (the center of mass of water molecule was fixed but the
molecule was allowed to rotate). The four nanoscale hydrophobes have totally 86 nonpolar sites, and each site was modeled as the
OPLS CH3 unit. The length scale of the square-shaped hydrophobes ranges from 1.269 nm (containing 3 3  9 nonpolar sites) to
2.585 nm (containing 6 6  36 nonpolar sites). The water-vapor interfaces were set normal to the z axis and the two planar
nanoassemblies immersed in the water slab were normal to the x axis. Periodic boundary conditions were applied in all directions.
(b) Top views of the snapshot of the highlighted water-layer sandwiched in between the two nanoassemblies shown in (a). To show
the snapshots, the upper nanoassembly is removed. The distance D between the two nanoassemblies is 7.1, 10.2, and 13:4 A, which
corresponds to the length scale of one, two, and three layers of water, respectively.
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phobic interaction becomes very tenuous beyond the
range of 16:0 A, at least between the largest 6 6 hydro-
phobes considered here. To achieve longer ranges of hy-
drophobic interaction, larger sizes of hydrophobes are
required [12].
To gain more quantitative understanding about the
strength of the nanoscale hydrophobic interaction, we
performed another series of MD simulations to calculate
the potential of mean force (PMF) as a function of the
interhydrophobe distance D. Note that the slope of the
PMF-D curve characterizes the magnitude of the hydro-
phobic force (effective attraction) between the hydro-
phobes. The maximum PMF can be also viewed as the
work required to disjoin the two hydrophobes (when
initially in contact) in water. The system considered was
similar to that for the hybrid polar/nonpolar nanoassem-
blies [Fig. 1(a)], which consists of 5560 SPC/E water
molecules and two purely 6 6 hydrophobes. The entire
vapor-liquid system has the dimensions of 65:0 A
52:0 A 80:0 A. The Gibbs free-energy changes
G=kBT vs the interhydrophobe distance D (defined as
the distance from the center of mass of one hydrophobe to
the opposing one) were evaluated by means of the
umbrella-sampling method [31,32]. To this end, a biasing
potential UbD  klDl DnlHDl D  kuD
DunuHDDu  kD was used, where Hx is 0 for x <
0 and 1 for x > 0. The biasing potential UbD constrains
the interhydrophobe distance within the window Dl 
D  Du. Each window has the separation of Du Dl 
0:5 A. We set kl  ku  500 kcal=mol and nl  nu  3.
The last term of UbD is used to achieve a more uniform
probability distribution within a single window. The
probability distribution, pD, as a function of D, is
related to the PMF via the equation G=kBT 
 lnpD=pD0	whereD0 is a reference distance D0 
4:05 A. During the MD simulation, the system was
equilibrated for 100 ps followed by another 500 ps pro-
duction run in which data was accumulated in every ten
MD step.
The calculated PMF curves, as described by the free-
energy change from the reference D0, are plotted in
Fig. 2 for two given temperatures (T  298:15 K and
T0  348:15 K). In Fig. 2, snapshots of a portion of the
system in the expansion process, as highlighted by the
circles E1=E2=E3=E4, are also displayed, as well as those
in the backward contraction process, highlighted by
C1=C2. First, as shown in the first-series MD simulation,
for D< 10:5 A the calculated PMF is independent of the
history (expansion or contraction), whereas for D> 10:5
it does depend on the process. The onset of the latter
behavior bears resemblance to the hysteresis behavior in
typical first-order phase transition. Second, it can be seen
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FIG. 2 (color). The calculated
PMF curve (G=kBT vs the in-
terhydrophobe distance D) for
two 6 6 hydrophobes in the
expansion and the contraction
process. The open circles high-
light the stable nanobubble
state, whereas the solid circles
highlight the nanobubble-
collapsing state. Snapshots cor-
responding to these specific
states are displayed.
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from Fig. 2 that to form a one water-layer size nano-
bubble, the work of formation amounts to about 65kBT
(where kB is the Boltzmann constant). As a comparison,
the barrier to dissociation for a methane pair (corre-
sponding to intermolecular distance about 6 A) in water
is on the order of 1kBT [4,15,16]. Moreover, the midrange
hydrophobic interaction is more than twice longer in
range than that of molecular hydrophobic interaction
between the methane pair. Third, as the temperature is
increased by 50 K, the PMF is reduced appreciably, e.g.,
from 65kBT to about 50kBT at D 7 . As a consequence,
the hydrophobic force on the hydrophobes (measured by
the negative gradient of the PMF) is also reduced by
increasing the temperature. In contrast, it has been shown
that the molecular hydrophobic interaction between two
methane molecules becomes slightly stronger with in-
creasing the temperature [16].
The PMF curves of nanoscale hydrophobic interaction
might offer some new insights into the thermal stability
of protein (e.g., the hyperthermal proteins). Why is a
folded (or even misfolded) protein stable against mild
temperature increase above the room temperature TR? We
show in Fig. 2 that when the nanobubble collapses the
PMF levels off. This is a consequence of the simple rigid-
nanoassembly model considered here. If the conforma-
tional degrees of freedom were allowed as in real pro-
teins, the conformational entropy would increase during
the expansion (unfolding). The total free-energy change
(or the PMF) will be expected to decrease at some turn-
ing point and as a result, the free-energy curves will show
a maximum (the free-energy barrier). If the maximum is
viewed as a transition state of the ‘‘unfolding reaction,’’
and the mean interhydrophobic-patch distance within the
‘‘hydrophobic core’’ is viewed as the unfolding reaction
coordinate, then the free-energy change along the unfold-
ing pathway will describe the work required to disjoin the
hydrophobic core. In this simple picture, the unfolding
transition state corresponds to the state of the nanobubble
collapsing at which the hydrophobic interaction within
the hydrophobic core is disrupted. Moreover, our calcu-
lation indicates that when the temperature is modestly
increased above TR (with other conditions fixed), the free-
energy barrier will be reduced, but still significantly
higher than typical thermal energy (  kBT). Hence,
although reduced, the still high free-energy barrier may
have implication toward understanding the net stability of
protein assembles against modest temperature increase,
as well as the enhancement of kinetic unfolding rate
constant with increasing temperature [33,34].
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